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Layer-Speciﬁc Quantiﬁcation of Myocardial
Deformation by Strain Echocardiography
May Reveal Signiﬁcant CAD in Patients With
Non–ST-Segment Elevation Acute
Coronary Syndrome
Sebastian I. Sarvari, MD,*†‡ Kristina H. Haugaa, MD, PHD,*†‡ Wasim Zahid, MD,*†‡
Bjørn Bendz, MD, PHD,* Svend Aakhus, MD, PHD,* Lars Aaberge, MD, PHD,*
Thor Edvardsen, MD, PHD*†‡
Oslo, Norway
O B J E C T I V E S Our objective was to assess whether patients with signiﬁcant coronary artery disease
(CAD) had reduced endocardial function assessed by layer-speciﬁc strain compared with patients
without signiﬁcant CAD.
B A C KG ROUND The left ventricular (LV) wall of the heart comprises 3 myocardial layers. The
endocardial layer is most susceptible to ischemic injury.
METHOD S Seventy-seven patients referred to coronary angiography due to suspected non–ST-
segment elevation-acute coronary syndromes (NSTE-ACS) were prospectively included. Coronary
occlusion was found in 28, signiﬁcant stenosis in 21, and no stenosis in 28 patients. Echocardiography
was performed 1 to 2 h before angiography. Layer-speciﬁc longitudinal and circumferential strains were
assessed from endocardium, mid-myocardium, and epicardium by 2-dimensional (2D) speckle-tracking
echocardiography (STE). Territorial longitudinal strain (TLS) was calculated based on the perfusion
territories of the 3 major coronary arteries in a 16-segment LV model, whereas global circumferential
strain (GCS) was averaged from 6 circumferential LV segments in all 3 layers.
R E S U L T S Patients with signiﬁcant CAD hadworse function in all 3 myocardial layers assessed by TLS and
GCS compared with patients without signiﬁcant CAD. Endocardial TLS (mean –14.0 3.3% vs. –19.2 2.2%;
p  0.001) and GCS (mean –19.3  4.0% vs. –24.3  3.4%; p  0.001) were most affected. The absolute
differences between endocardial and epicardial TLS and GCS were lower in patients with signiﬁcant CAD
(∆2.4  3.6% and ∆6.7  3.8%, respectively) than in those without signiﬁcant CAD (∆5.3  2.1% and ∆10.4 
3.0%; p 0.001). This reﬂects a pronounced decrease in endocardial function in patients with signiﬁcant
CAD. A receiver-operating characteristic curve analysis showed that endocardial and mid-myocardial TLS
were superior to identify signiﬁcant CAD compared with epicardial TLS (p  0.05), wall motion score
index (p  0.01), and ejection fraction (EF) (p  0.001).
CONC L U S I O N S Assessment of layer-speciﬁc strain by 2D-STE might identify NSTE-ACS patients
with signiﬁcant CAD. Endocardial function was more affected in patients with signiﬁcant CAD compared
with epicardial function and EF. (J Am Coll Cardiol Img 2013;6:535–44) © 2013 by the American College
of Cardiology Foundation
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he clinical presentation of coronary artery
disease (CAD) varies from silent ischemia,
stable angina pectoris to acute coronary syn-
dromes (ACS) and death. ACSs comprise non-
T–segment elevation-acute coronary syndrome
NSTE-ACS) and ST-segment elevation myocardial
nfarction (STEMI). The presence of ST-segment
levation typically represents coronary occlusion re-
uiring acute reperfusion therapy. On the other hand,
atients with suspected NSTE-ACS are a more het-
rogeneous group. Coronary occlusion and/or signif-
cant stenosis may or may not be present, and coronary
ngiography and revascularization therapy might be
nnecessary in as many as one-third of these patients
1). Therefore, a better selection of patients with real
eed for coronary angiography and revascularization
herapy could reduce both complication rates and
ealthcare costs associated with this procedure.
The left ventricular (LV) wall of the
heart comprises an endocardial, a mid-
myocardial, and an epicardial layer. Of
these 3 layers, the endocardium is most
susceptible to ischemic injury (2–5). Care-
ful evaluation of this layer might increase
the diagnostic accuracy of CAD.
Two-dimensional (2D) speckle-tracking
echocardiography (STE) is a semi-automated
quantitative technique for assessment of
strain, a measure of cardiac function based
on grayscale images. Strain is a measure
of deformation, an intrinsic mechanical
property, and measures myocardial systolic
function more directly compared with
conventional cavity-based echocardio-
graphic measures (6–8). Strain echocardi-
ography has been introduced as an accu-
ate tool for the assessment of global and regional
9) LV myocardial function and has been demon-
trated to be more sensitive and accurate in the
dentification of coronary artery occlusion in pa-
ients with NSTE-ACS (10,11) compared with
onventional echocardiographic measures of systolic
V function. Recent software allows separate eval-
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December 18, 2012, accepted January 23, 2013.ation of endocardial, mid-myocardial, and epicar-
ial myocardial deformation.
The aim of this study was to evaluate myocardial
eformation in 3 myocardial layers in patients with
uspected NSTE-ACS.
M E T H O D S
This study was conducted in a single tertiary coro-
nary care center. Seventy-seven patients with sus-
pected NSTE-ACS (12,13) referred to our hospital
for coronary angiography were prospectively in-
cluded in the study. Exclusion criteria were: age
18 years and/or a history of previous myocardial
infarction, percutaneous coronary intervention and
open chest surgery, left bundle branch block, severe
valvular dysfunction, atrial fibrillation with heart
rate 100 beats/min, sustained severe arrhythmia,
and/or any condition that might interfere with the
patient’s ability to comply. Electrocardiograms
(ECGs) were evaluated by experienced cardiologists
at admission. ECGs were described as ischemic if ST
depression or T-wave changes were present. All
patients received medical treatment according to
current guidelines. Echocardiography was per-
formed 1 to 2 h prior to coronary angiography and
within 48 h after the last episode of chest pain. The
echocardiographic data were analyzed blinded to all
clinical information.
Written informed consent was given by all study
participants. The study complied with the Declaration
of Helsinki and was approved by the Regional Com-
mittees for Medical and Health Research Ethics.
2D Echocardiography. Echocardiographic studies
were performed with commercially available system
(Artida, Toshiba Medical Systems Corporation, To-
kyo, Japan). Routine grayscale 2D cine loops from 3
consecutive beats were obtained at end-expiratory
apnea from standard parasternal short-axis view of
the LV at the level of the papillary muscle and from
the 3 apical views (4-chamber, 2-chamber, and
long-axis). Frame rates were 47  5 Hz for gray-
scale imaging. LV volume and ejection fraction
(EF) were assessed by biplane Simpson method
using manual tracing of digital images.
WMSI. Wall motion was visually assessed in a 16-
segment model, according to the American Society
of Echocardiography (14), by an experienced ob-
server. The observer evaluated image quality, and
segments were discarded if the quality was found
insufficient for analysis. Wall motion score index
(WMSI) was calculated for each patient as theB B R E V I A T I O N S
N D A C R O N YM S
2D 2-dimensional
CAD coronary artery disea
EF ejection fraction
GCS global
ircumferential strain
LS global longitudinal st
LV left ventricular
NSTE-ACS non–ST-segme
elevation-acute coronary
syndrome(s)
STE speckle-tracking
echocardiography
TLS territorialaverage of the analyzed segmental values.
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5372D-STE. Grayscale images were analyzed. Myocar-
ial function by strain was evaluated on a frame-
y-frame basis by automatic tracking of acoustic
arkers (speckles) throughout the cardiac cycle. The
ndocardial borders were traced in the end-systolic
rame of the 2D images from the 3 apical views for
nalyses of longitudinal endocardial, mid-myocardial,
nd epicardial strains. Analyses of layer-specific cir-
umferential strains were obtained from the para-
ternal short-axis view. Peak negative systolic lon-
itudinal and circumferential strains from 3 layers
ere assessed using off-line software (Toshiba
edical Systems Corporation, Tokyo, Japan) in 16
ongitudinal and 6 circumferential LV segments.
ll segmental values were averaged to global lon-
itudinal strain (GLS) and global circumferential
train (GCS) for each myocardial layer (Fig. 1).
egments that failed to track properly were manu-
lly adjusted by the operator. Any segments that
ubsequently failed to track were excluded.
Territorial longitudinal strain (TLS) was calcu-
ated based on the perfusion territories of the 3
ajor coronary arteries in a 16-segment LV model
14) by averaging all segmental peak systolic strain
alues within each territory.
Coronary angiography. All patients underwent coro-
ary angiography. The assessment of CAD was per-
Figure 1. Endocardial Longitudinal Strain Study of a Patient Wi
The automatic strain analysis in a healthy individual in apical 4-cha
left. The red line and the red arrowheads depict the border of the
played on the right. Endocardial global longitudinal strain was n
BL  basolateral; BS  basoseptal; ML  midlateral; MS  midseptal.ormed by visual estimate in each single stenosis with
ultiple projections, avoiding overlap of side branches
nd foreshortening of relevant coronary stenoses. Cor-
nary occlusion was defined as TIMI (Thrombolysis in
yocardial Infarction) flow grade 0 or 1, while sig-
ificant coronary artery stenosis was considered as a
50% reduction of vessel diameter in at least 1 major
oronary artery (15). Fractional flow reserve measure-
ent was performed only if the operator was in doubt
bout the hemodynamic significance of a stenosis.
he lesion was considered functionally significant
hen fractional flow reserve was 0.8.
Statistical analyses. Data are presented as mean 
D, numbers (percentages), and median (interquar-
ile range), respectively. Chi-square test (categorical
ariables) or Student t test (continuous variables)
as used to determine differences between 2 groups.
ann-Whitney U test was used for non-normally
istributed continuous variables (biomarkers)
SPSS version 18, SPSS Inc., Chicago, Illinois).
omparisons of means between 3 groups were
erformed by analysis of variance (ANOVA) with
he Bonferroni post-hoc correction for multiple
omparisons. The areas under the receiver-
perating characteristic (ROC) curves (AUC) were
alculated for endocardial, mid-myocardial, epi-
ardial TLS, GLS (not shown) and GCS,
t Signiﬁcant Coronary Artery Disease
r view shows color-coded endocardial longitudinal strain on the
cardium. Strain curves for the 6 endocardial segments are dis-
al (–19%) in this individual. AL  apicolateral; AS  apicoseptal;thou
mbe
epi
orm
LMW  low molecular we
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538WMSI, EF, and troponin T, and all variables
were compared by using a nonparametric U test
(Analyse-it, Analyse-it Software, Ltd., Leeds,
United Kingdom). The value closest to the upper
left corner of the ROC curves determined opti-
mal sensitivity and specificity for the ability of
endocardial, mid-myocardial, and epicardial
TLS, GLS and GCS, WMSI, EF, and troponin T to
predict the presence of significant CAD. Logistic
regression analysis was performed for factors that
could potentially influence myocardial function and to
determine the diagnostic value of endocardial TLS for
predicting significant CAD. Parameters influencing
myocardial contraction, such as age, body mass index,
systolic and diastolic blood pressure, plus the categor-
line Characteristics of Patients With and Without
No Signiﬁcant CAD
(n  28)
Signiﬁcant CAD
(n  49) p Value
61.4 8.9 63.3 9.3 0.4
14 (50) 43 (88) 0.001
n 67 13 66 11 0.73
143 17 151 24 0.16
78 11 82 12 0.11
80 18 86 12 0.15
174 9 176 9 0.28
26 4 28 3 0.16
d 15 (54) 33 (67) 0.23
pe 1 1 (4) 0 (0) 0.18
pe 2 3 (11) 11 (22) 0.20
ia 8 (29) 18 (37) 0.47
9 (32) 11 (22) 0.35
6 (21) 11 (22) 0.92
mission 4 (14) 11 (22) 0.4
n admission
28 (100) 49 (100) 1.00
8 (29) 22 (45) 0.16
5 (18) 18 (37) 0.08
0 (0) 1 (2) 0.45
20 (71) 41 (84) 0.20
13 (46) 28 (57) 0.37
5 (18) 6 (12) 0.50
25 (89) 48 (98) 0.10
191 (14–368) 588 (505–990) 0.13
3.1 (2.6–3.5) 11.0 (4.4–27) 0.07
%), or median (interquartile range). *CAD in a ﬁrst-degree relative prior to age
erting enzyme inhibitor; ARB  angiotensin II receptor blocker; BMI  body
ary artery disease; CCB  calcium channel blocker; CK-MB  creatine kinase
iastolic blood pressure; ECG  electrocardiography; IQR  interquartile range;
ight; SBP  systolic blood pressure.ical variables hypertension and diabetes mellitus, in
addition to endocardial TLS, were included in a
multivariate logistic regression analysis. To avoid over-
fitting the model, in each analysis only 3 variables were
included with endocardial TLS as a constant factor in
the model. All possible combinations with 3 variables
were tested. Due to co-linearity of strain parameters,
only endocardial TLS was selected for inclusion in the
multivariate analysis, and blood pressure parameters
were included separately in the model. Correlation of
strain parameters with troponin T was tested by the
Spearman correlation coefficient. Reproducibility was
expressed as intraclass correlation coefficient. p Values
were 2-tailed; values 0.05 were considered
significant.
R E S U L T S
We included 77 patients with suspected NSTE-
ACS (Table 1). By coronary angiography, 49 (64%)
had significant CAD. Patients with significant
CAD were more frequently male compared with
patients without (Table 1). No differences in age,
comorbidity, or medication were observed between
those with and without significant CAD at admis-
sion. Of the patients with significant CAD, 21
(28%) had significant coronary stenosis, and 28
(36%) had coronary artery occlusion in 1 or more
coronary arteries. Five fractional flow reserve mea-
surements were performed in 4 patients. In these 5
arteries, hemodynamically significant stenosis was
found in 4 and no significant stenosis in 1 coronary
artery. Detailed angiographic findings and revascu-
larization results are shown in Table 2.
Echocardiographic ﬁndings. Patients with significant
CAD had worse function in all 3 myocardial layers
assessed by TLS, GLS, and GCS compared with
patients without (Table 3). However, endocardial
TLS (–14.0  3.3% vs. –19.2  2.2%; p  0.001),
GLS (–15.3  2.2% vs. –19.2  2.2%; p  0.001),
and GCS (–19.3  4.0% vs. –24.3  3.4%; p 
0.001) were most affected (Fig. 2). In general, there
was a worsening of myocardial function assessed by
TLS, GLS, and GCS in all 3 layers in individuals
without significant CAD versus patients with signif-
icant coronary artery stenosis and patients with occlu-
sion. However, this method could not differentiate
between patients with significant coronary artery ste-
nosis and patients with occlusion (Table 3).
Patients with coronary artery stenosis or occlusion
showed generally lower TLS magnitude than GLS
(Table 3); however, the difference between these param-Table 1. Clinical Base
Signiﬁcant CAD
Demographics
Age, yrs
Male
Medical history
Heart rate, beats/mi
SBP, mm Hg
DBP, mm Hg
Weight, kg
Height, cm
BMI, kg/m2
Risk factors
Hypertension, treate
Diabetes mellitus ty
Diabetes mellitus ty
Hypercholesterolem
Smoking
Family history*
Ischemic ECG on ad
Concomitant therapy o
Acetylsalicylic acid
Clopidogrel
LMW heparin
Warfarin
-Receptor blocker
ACEI/ARB
CCB
Statin
Biomarkers
Troponin T, ng/l
CK-MB, g/l
Values are mean  SD, n (
55 (men) or 65 (women).
ACEI  angiotensin-conv
mass index; CAD  coron
myocardial band; DBP  deters generally did not reach statistical significance. The
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539absence of statistically significant differences can probably
be explained by the relatively low sample size.
Endocardial TLS, GLS, and GCS (–15.4 
4.0%, –16.7  2.9%, and –21.1  4.5%, respec-
tively) were significantly greater in magnitude than
were epicardial TLS, GLS, and GCS (–11.8 
2.9%, –12.7  2.0%, and –13.0  2.1%, respec-
tively; all, p  0.001) in the total study population
(N  77).
The absolute differences between endocardial
and epicardial TLS, GLS, and GCS were lower in
patients with significant CAD (patients with sig-
nificant stenosis and/or occlusion; n  49) (2.4 
3.6%, 3.4  1.3%, and 6.7  3.8%, respectively)
Table 2. Angiographic Findings and Revascularization
No Coronary
Occlusion
(n  49)
Coronary
Occlusion
(n  28)
p
Value
Angiographic ﬁndings
No signiﬁcant CAD 28 (36) 0 (0) 0.001
1–Vessel disease 13 (27) 7 (25) 0.88
2–Vessel disease 3 (6) 8 (29) 0.007
3–Vessel disease 5 (10) 13 (46) 0.001
Revascularization
PCI 15 (31) 14 (50) 0.09
CABG 5 (10) 12 (43) 0.001
No intervention 29 (59) 2 (7) 0.001
Values are n (%).
CABG  coronary artery bypass grafting; CAD  coronary artery disease;
PCI  percutaneous coronary intervention.
Table 3. Echocardiographic Data
No Signiﬁcant Coronary Stenosis
(n  28)
Sig
EF, % 62.0 6.0
EDV, ml 111.0 26.0
ESV, ml 44.0 16.0
WMSI 1.06 0.1
TLS, %
Endocardial –19.2 2.2
Mid–myocardial –15.9 1.5
Epicardial –13.9 1.8
GLS, %
Endocardial –19.2 2.2
Mid–myocardial –15.9 1.5
Epicardial –13.9 1.8
GCS, %
Endocardial –24.3 3.6
Mid–myocardial –17.5 2.8
Epicardial –13.9 2.1
Values are mean  SD. *ANOVA (F test). Flags for signiﬁcance were obtained fro
3 groups. †p  0.05 compared with individuals with no signiﬁcant coronary st
ANOVA  analysis of variance; EDV  end–diastolic volume; EF  ejection frac
longitudinal strain; TLS  territorial longitudinal strain; WMSI  wall motion scorethan in those without significant CAD (n  28;
values are presented in Table 4) (p  0.001). This
reflects a pronounced decrease in endocardial func-
tion in patients with significant CAD. The absolute
differences between epicardial and endocardial de-
formation were generally lower in territorial analysis
than in the global analyses. The difference between
these parameters, however, did not reach statistical
significance (Table 4). The transmural gradient of
myocardial strain was less pronounced in individu-
als with coronary artery occlusion (n  28) and
significant stenosis (n  21) than in patients with-
out significant CAD (n  28) (Table 4).
Of 1,232 segments, 1,087 (88%) were analyzable
by wall motion scoring. Of these segments, 124
(11%) had wall motion abnormalities: hypokinesis
in 119 and akinesis in 5 segments. In hypokinetic
and akinetic segments, the absolute differences be-
tween endocardial and epicardial longitudinal
strains were lower than in segments with normal
function (3.1  6.3 vs. 5.2  2.3; p  0.01).
Figures 3 and 4 demonstrate ROC analyses of
the ability of different strain parameters, WMSI,
EF, and troponin T, to identify patients with
significant CAD. Comparison of ROC curves
showed that endocardial and mid-myocardial TLS
and endocardial GLS were significantly better for
identifying significant CAD than were epicardial
TLS and GLS (all, p  0.05), WMSI (all, p 
0.01), and EF (all, p  0.001). In addition, endo-
cant Coronary Stenosis
(n  21)
Coronary Occlusion
(n  28) p Value*
59.0 6.0 59.0 7.0 0.09
117.0 23.0 124.0 21.0 0.43
47.0 12.0 51.0 13.0 0.46
1.12 0.1 1.2 0.2†‡ 0.001
–14.6 2.3† –13.6 3.9† 0.001
–12.6 2.6† –12.4 2.6† 0.001
–12.0 2.5† –11.7 2.6† 0.001
–16.1 1.9† –14.8 2.3† 0.001
–14.0 1.6† –12.8 2.1† 0.001
–12.3 1.1† –11.7 2.1† 0.001
–20.2 4.2† –18.5 3.7† 0.001
–15.5 2.5† –14.2 2.3† 0.001
–13.4 1.9 –11.9 2.0†‡ 0.002
ost-hoc pair-wise comparison using the Bonferroni correction when comparing
is. ‡p  0.05 compared with patients with signiﬁcant coronary stenosis.
; ESV  end–systolic volume; GCS  global circumferential strain; GLS  globalniﬁ
m p
enos
tionindex.
edu
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540cardial GCS was better for identifying significant
CAD than were epicardial GCS (p  0.005) and
EF (p  0.01). Troponin T and mid-myocardial
GLS were better only than EF (p  0.05). TLS
parameters had greater AUCs than did GLS pa-
rameters; however, the differences were not signif-
icant. The other apparent differences between
AUCs also were not significant.
Multivariate regression analyses, including pa-
rameters influencing myocardial function, showed
that reduced myocardial function by endocardial
TLS (per 1% change) was the only predictor of the
presence of significant CAD (Table 5), indepen-
dently of which variables were included in the
model in addition to endocardial TLS.
There was a significant difference in myocardial
function by mid-myocardial TLS between those with
1-vessel occlusion and those with occlusion and
3-vessel disease (p  0.02), confirming a relationship
of function and apparent ischemic burden. There was
a similar significant difference in epicardial TLS (p 
0.05). There were, however, no differences in myocar-
dial function assessed by GLS or GCS between
patients with 1-, 2-, or 3-vessel disease.
All longitudinal and circumferential strain pa-
Figure 2. Endocardial Longitudinal Strain Study of a Patient Wi
The automatic strain analysis in a patient with non–ST-segment ele
in apical 4-chamber view shows reduced color-coded endocardial s
The red line and the red arrowheads depict the border of the epic
30% to –30%. Yellow indicates preserved strain. Brown indicates
ments are displayed on the right. The curves representing the segm
to –17% (white arrow). Endocardial global longitudinal strain was rrameters showed significant correlations withtroponin-T values. Endocardial GLS and TLS and
endocardial GCS demonstrated greatest correla-
tion, with correlation coefficients of 0.64, 0.58, and
0.47, respectively (all, p  0.01).
Assessment of longitudinal strain could be per-
formed in 1,303 (94%) endocardial, 1,149 (83%)
mid-myocardial, and 1,142 (82%) epicardial LV seg-
ments. The corresponding circumferential analyses
could be done in 361 (78%) endocardial, 361 (78%)
mid-myocardial, and 343 (74%) epicardial segments.
Intraobserver and interobserver intraclass corre-
lations were performed in 10 patients and were 0.96
and 0.96, respectively, for endocardial GLS; 0.87
and 0.92 for mid-myocardial GLS; 0.94 and 0.93
for epicardial GLS; 0.81 and 0.84 for endocardial
GCS; 0.84 and 0.81 for mid-myocardial GCS; and
0.82 and 0.76 for epicardial GCS measurements.
D I S C U S S I O N
This study demonstrates impaired LV function in
all 3 myocardial layers in patients with NSTE-ACS
and significant CAD compared with patients with-
out significant CAD. We introduce LV layer-specific
longitudinal and circumferential strain assessed by
oronary Artery Occlusion
n acute coronary syndrome with occluded circumﬂex (CX) artery
values in the segments supplied by the CX artery on the left.
um. Color-coding from yellow to green indicates strain from
s with reduced strain. Strain curves for the 6 endocardial seg-
s supplied by the CX artery show reduced strain values of –15%
ced in this patient to –15%. Abbreviations as in Figure 1.th C
vatio
train
ardi
area
ent2D-STE as a novel method for the identification of
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541significant CAD in patients with suspected NSTE-
ACS. ECG alone frequently failed to identify patients
with significant CAD in our study. These results
confirm those from earlier studies and suggest that
assessment of layer-specific strain can be of valuable
help as an additional clinical tool in the diagnostic
workup of these patients.
A recent report showed that about two-thirds of
coronary angiographies lead to an intervention in
patients with NSTE-ACS (1). Although there are
several different noninvasive methods for the purpose
of identifying significant CAD (16), many of these
are expensive and unavailable in the acute setting, and
the number of false-positive and -negative test results
 AUC 95% CI Opt
   cu
Troponin T (ng/l) 0.83 0.72-0.93 
EF (%) 0.63 0.50-0.76 6
WMSI 0.74 0.62-0.85 1
Endocardial TLS (%) 0.91 0.84-0.97 -1
Mid-myocardial TLS (%) 0.91 0.85-0.98 -1
Epicardial TLS (%) 0.79 0.68-0.90 -1
1
0.8
0.6
0.4
0.2
0
0 0.2 0.4
1 - Specif
Se
ns
iti
vi
ty
Figure 3. ROC Analyses of TLS
Receiver-operating characteristic (ROC) curve analyses for the ability
and territorial longitudinal strain (TLS) parameters to identify patien
Table 4. Absolute Difference Between Epicardial and Endocardi
No Signiﬁcant Coronary Stenosis
(n  28)
Signiﬁc
TLS, % ∆5.3 2.1
GLS, % ∆5.3 2.1
GCS, % ∆10.4 3.0
Values are mean  SD. *ANOVA (F test). Flags for signiﬁcance were obtained fro
3 groups. †p  0.01 compared with individuals with no signiﬁcant coronary st
Abbreviations as in Table 3.study participants (N  77). AUC  area under the curve; PPV  positiremain significant. A combination of troponin and
strain measurements might have the potential to
increase diagnostic accuracy; however, this should be
tested in a larger study including outcomes data,
before strong conclusions can be made.
The LV wall of the heart comprises 3 myocardial
layers: the inner oblique, middle circular, and outer
oblique myocardial layers. Differences of myocardial
deformation and function across the ventricular wall
are well known from previous observations in the
normal myocardium (17–19). The endocardium
undergoes greater dimensional changes (both thick-
ening and shortening) during systole than does the
epicardium in healthy myocardium (17,18).
l Sensitivity Specificity PPV NPV
 (%) (%) (%) (%)
64 94 86 82
61 61 73 47
79 73 63 86
89 81 73 93
82 88 79 89
78 69 58 85
0.8 1
Endocardial TLS
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troponin T, ejection fraction (EF), wall motion score index (WMSI),
ith signiﬁcant coronary artery disease. The analyses include all
eformation
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n  21)
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(n  28) p Value*
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542In patients with CAD, the inner oblique myo-
cardium is most susceptible to ischemic injury (2).
Myocardial infarction models as well as reperfusion
studies of myocardial infarction have indicated that
the endocardial layer is first affected by ischemia (4),
causing morphologic (3) and functional alterations
predominant in this layer. With increasing severity,
ischemia and necrosis propagate in a transmural
wave front extending from the endocardium to the
epicardium (5). Due to the fact that greatest short-
ening in a healthy myocardium occurs in the endo-
cardial layer and that endocardium is first affected
by ischemia, one will expect that significant CAD
causes greatest reduction of function in this partic-
ular layer. Reduced endocardial function in patients
 AUC 95% CI Opt
   cu
Troponin T (ng/l) 0.83 0.72-0.93 
EF (%) 0.63 0.50-0.76 6
WMSI 0.74 0.62-0.85 1
Endocardial GCS (%) 0.85 0.76-0.95 -2
Mid-myocardial GCS (%) 0.77 0.65-0.88 -1
Epicardial GCS (%) 0.68 0.56-0.81 -1
1
0.8
0.6
0.4
0.2
0
0 0.2 0.4
1 - Specif
Se
ns
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Figure 4. ROC Analyses of GCS
ROC curve analyses for the ability of troponin T, EF, WMSI, and glob
signiﬁcant coronary artery disease. The analyses include all study p
Table 5. Endocardial TLS and Parameters Inﬂuencing Myocardia
Univariate Logistic Regress
OR 95% CI
Endocardial TLS, % 1.88 1.42–2.49
Age, yrs 1.02 0.97–1.08
BMI, kg/m2 1.10 0.96–1.26
BMI body mass index; CI conﬁdence interval; NSTE-ACS non–ST-segment
strain.with significant CAD can be explained by either
coronary occlusion and direct myocardial damage or
by reversible myocardial dysfunction caused by
myocardial stunning or hibernation (20).
Most imaging techniques focus on the evaluation
of global and regional LV function. Traditionally,
the entire myocardial wall thickness is considered in
the analysis of myocardial function without taking
into account the differences in the layers of the
myocardium. Imaging techniques allowing layer-
specific myocardial function analysis are likely to
increase the morphologic and pathophysiologic un-
derstanding of myocardial ischemia and may help to
improve characterization of patients with CAD.
l Sensitivity Specificity PPV NPV
 (%) (%) (%) (%)
64 94 86 82
61 61 73 47
79 73 63 86
85 85 76 91
62 80 64 79
73 65 54 81
0.8
Endocardial GCS
Mid-myocardial GCS
Epicardial GCS
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EF
Troponin T
1
ircumferential strain (GCS) parameters to identify patients with
ipants (N  77). Abbreviations as in Figure 3.
nction in Patients With Suspected NSTE-ACS (N  77)
Multivariate Logistic Regression
Value OR 95% CI p Value
0.001 2.10 1.47–3.09 0.001
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0.16 1.00 0.89–1.12 0.98
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543In our study, endocardial longitudinal and circum-
ferential strains were better than epicardial strains for
identifying patients with significant CAD. Further-
more, our results indicate that all 3 myocardial layers
were affected by both coronary artery occlusion and
significant coronary artery stenosis, although to differ-
ent extents. Reduction of function in all 3 layers could
be explained by several factors. First, deformations of
the myocardial layers are not independent. The con-
traction of viable myocardium may result in the
deformation of the neighboring nonviable myocar-
dium through passive translational or tethering move-
ments. On the contrary, nonviable myocardium may
negatively influence contraction in the adjacent viable
myocardium. The deformation of each layer is a sum
of an active contraction within the layer and the
passive influence of the adjacent layer. Second, non-
occlusive lesions and occlusions may represent differ-
ent degrees of transmural ischemia. Coronary artery
occlusions, in the absence of collaterals, may cause
transmural ischemia, affecting all 3 myocardial layers
with both longitudinal and circumferential dysfunc-
tion. Third, lateral resolution might be a factor limit-
ing the delineation of delicate structures without
apparent boundaries such as the endocardium, mid-
myocardium, and epicardium. These problems are
further exaggerated in the basal LV segments, where
the density of echo beams is lower.
Both global and territorial strains were assessed in
this study for a number of reasons. One is the
variability of coronary anatomy (21). Myocardial func-
tion assigned to a specific vascular territory by Cer-
queira et al. (22) may not necessarily reflect the real
coronary distribution. Assessment of global strain is
not exposed to these anatomic variations and has been
shown to detect even minor reductions in myocardial
function (9). Furthermore, networks formed by mi-
rovascular communications between coronary arteries
an give rise to zones of dual arterial perfusion (23),
making strict regional analysis somewhat inaccurate.
However, CAD results primarily in segmental wall
motion abnormalities; therefore, TLS was assessed as
well. Conversely, we chose to omit territorial circum-
ferential strain results because we had short-axis ac-
quisition from only 1 LV slice. The results from
territorial circumferential strain would therefore con-
sist of only 2 LV segments each.
All 3 myocardial layers are affected by significant
CAD. The greatest decrease in myocardial func-
tion, however, occurs in the endocardial layer be-
cause shortening normally is most prominent in this
layer. Therefore, layer-specific strain analyses might
increase diagnostic accuracy in these patients. tStudy limitations. Longitudinal and circumferential,
but not radial, strain was assessed in the present
study. We chose not to analyze radial strain because
it has methodological limitations and has been
shown to be inferior to longitudinal and circumfer-
ential strain in identifying ischemia and necrosis
(24). In addition, longitudinal and circumferential
strains have been well validated against EF in previous
studies (11,25), are reproducible, and are easily ob-
tained with only a minor increase of procedure dura-
tion. We did not have 3 short-axis projections avail-
able for the assessment of circumferential strain in a
16-segment model. In our study, 16 longitudinal
segments were analyzed by strain compared with only
6 mid-circumferential segments.
Fractional flow reserve measurements were not per-
formed in all patients; therefore, the true hemodynamic
relevance of the stenoses is not known.
It is not known whether coronary artery occlusions
represent transmural or nontransmural infarctions be-
cause no viability studies have been performed on our
patients.
All patients were treated according to guidelines on
admission. Obviously, this could have caused dissolution
of thrombi, allowing recovery of the affected myocar-
dium. However, one may also speculate that even in case
of dissolution of thrombi, the myocardium might be still
stunned or hibernated within the first 48 h.
Deformation of the entire wall thickness of the
myocardium was not assessed because the software
did not allow such analysis. Consequently, we could
not evaluate whether layer-specific strain analysis
has additional value compared with traditional
global strain analysis in diagnosing CAD.
The gradient of strain across the myocardium is a
nonlinear phenomenon, and the definition of the layers is
arbitrary and is based on simple division into 3 parts.
Because the spatial resolution of ultrasound is limited,
there will always be a certain degree of overlap.
C O N C L U S I O N S
Assessment of endocardial and mid-myocardial TLS
by layer-specific strain echocardiography provided
higher accuracy than did epicardial strain, WMSI, and
EF in the identification of patients with NSTE-ACS
and significant CAD. Endocardial function was more
affected in patients with significant CAD compared to
those with epicardial function.
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